The interfacial behaviour of alumina/carbon refractories with liquid iron was investigated at 1 550°C, with emphasis on the chemical interactions occurring both in the interfacial region as well as in the bulk of the refractory. The sessile drop technique was used to determine the interfacial wetting behaviour and the phase transformations during the chemical reactions were determined using SEM and EDS. Alumina-carbon refractories were prepared using two types of carbonaceous materials-synthetic graphite and natural graphite. From the experimental results, it was clearly observed that molten iron had penetrated to varying extents into all refractory substrates. The highest penetration was observed for alumina-carbon refractory substrates containing 10 % synthetic graphite, while all alumina-natural graphite substrates showed much lower levels of metal penetration. Contact angles for synthetic graphite and natural graphite containing refractories showed an initial drop in the first 5 min of the experiment before increasing and stabilising at different values depending on the composition of the refractories. The initial drop in the contact angles was in direct correspondence with increasing carbon pickup values for these samples. Natural graphite samples generally showed lower carbon pickup as compared to synthetic graphite samples of similar carbon content. The differences in metal penetration and interfacial wetting behaviour were found to depend on the carbon pickup and the ash content of the refractory substrates, with the ash helping in the formation of an interfacial layer which limited reactions with the metal, and in filling the pores within the refractory.
Introduction
Refractory degradation is a complex phenomenon involving chemical wear (corrosion) and physical/mechanical wear (erosion/abrasion). Refractory corrosion results in the recession of "hot face" (working surface) due to chemical reactions and molten metal penetration.
1) Alumina-carbon refractories are commonly used in steelmaking applications due to their excellent high-temperature strength and thermal shock resistance. [2] [3] [4] [5] The corrosion resistance of Al 2 O 3 -C refractories is influenced by its reactions with liquid iron, which leads to the dissolution of refractory constituents into the melt. 6) Carbon in the form of graphite is used in refractories since it enhances corrosion resistance and thermal shock resistance. 7) However, the degradation of carbon-based refractories occurs through carbon depletion, resulting in decreased refractory resistance to chemical attack, increased carbon pickup by steel and extensive metal penetration within the refractory. 8) Material inhomogeneity and porosity can promote corrosion and allow corrosive agents to penetrate and cause erosive damage, resulting in severe degradation. 9) Iron oxide formed can react with alumina to form hercynite (FeO-Al 2 O 3 ), which builds up in the refractory over time, eventually causing uncontrolled expansion of saturated refractory and hot face spalling. 10) The corrosion of alumina-carbon refractories is primarily influenced by their chemical reactions with molten iron/steel, which proceed through a direct contact with the metal. The composition of the refractory, its physical texture, the nature of the bonding phases, and the characteristics of melt and reaction products are known to influence reaction kinetics. 11) Refractory-iron reactions lead to molten metal penetration; the penetration depth is believed to be influenced by the chemical composition of the refractory, metal and physical properties like porosity of the refractory. The penetration depth may range from a few microns to several millimetres depending upon these factors, and the quantity of molten metal. 1) Carbon is picked up by Fe resulting in carbon dissolution from the refractory and the alumina left behind tends to resist Fe penetration. The regions which experience carbon depletion are subsequently filled with molten iron, which contributes to the corrosion.
In the liquid iron/alumina-graphite system, carbon transfer from graphite to liquid iron is a well known phenomena, while alumina is considered to be unreactive to iron at steelmaking temperatures (1 550°C).
12) The influence of wettability on carbon dissolution into molten iron suggests that the rate of dissolution is significantly affected by the contact area available for the carbon-transfer.
13) The depth of penetration of molten iron into the refractory and the strength of bonding between the metal and the refractory 804 depends on the wetting behaviour of the metal on the refractory. 14) Wetting involves the spreading of the molten metal over the refractory surface and its penetration into the refractory, and can be used as a measure of the metal/refractory interaction.
12) The wettability and associated interfacial reactions in the metal/refractory system are influenced by the chemical compositions of the species involved, the nature and concentration of impurities and additives, the experimental conditions and the physical properties of the refractory. 9) Wettability studies carried out on iron/synthetic graphite systems at temperatures of 1 300-1 600°C under inert conditions 15, 16) generally showed good wetting, with contact angles ϳ66°at 1 600°C. 17) Wetting behaviour in iron/natural graphite system has been reported to change from good wetting to non-wetting within 2-3 min of contact due to interfacial ash layer formation after the removal of carbon underneath the liquid droplet by mass transfer. 13) Several studies have been conducted on the metal penetration and dissolution mechanisms in alumina-carbon refractories, but these were primarily focussed on refractory reactions with slag and/or on specimens containing high levels of carbon (Ͼ60 wt%). 8, [18] [19] [20] [21] [22] Studies on alumina-carbon refractories elsewhere have involved samples containing additives such as Si or SiO 2 . 23, 24) There is limited work on the interfacial wetting behaviour and interactions of alumina-carbon refractories having carbon contents Ͻ30 wt% (conventional range for industrial refractories) with molten iron. An in-depth investigation of the behaviour of pure Fe/Al 2 O 3 -C system is therefore quite important for developing a fundamental understanding of the interfacial phenomena and associated mechanisms.
In this paper, we report a systematic investigation of the interfacial behaviour of alumina-carbon refractory containing carbon up to 30 % with molten iron at 1 550°C. This study focuses on the wettability, metal penetration, carbon pickup and interfacial reactions. Through in-depth analysis of the interfacial region, the extent of metal penetration and the nature/composition of the interfacial phases were determined. Experimental results from both synthetic graphite and natural graphite as carbon sources were compared to determine the role of ash impurities.
Experimental
Two types of carbonaceous materials namely synthetic and natural graphite were used in this study. Synthetic Graphite (SG) has low density and high porosity (7-50 %) 25) ; due to its poor compression, it is generally not used in commercial refractory applications. However, it has been used in this study to understand the role of carbon in the absence of ash impurities. The ultimate and proximate analysis of SG is given in Table 1 .
Natural Graphite (NG) is generally used in refractories due to its effectiveness in decreasing internal thermal stresses in refractories, which in turn helps in improving thermal shock and spalling resistance.
26) When used in the refractory, natural graphite prevents slag and molten metal penetration through the refractory, thus effectively enhancing corrosion resistance. Also, natural graphite shows excellent resistance to oxidation, and this translates into longer refractory life. 26) Wu et al. have reported the dynamic wetting behaviour of natural graphite with liquid iron; ash oxides were found to have a significant influence on wettability.
13) The ultimate and proximate analysis of NG is given in Table 1 . These samples were supplied by Asbury Graphite Mills, NJ, USA.
Alumina powder (ALCOA, Australia; purity ϳ99.7 %) with particle size less than 2 mm was used owing to its high purity and ease of compaction. 27) Phenol formaldehyde was used as the binder to improve the green strength of the substrates, since it possesses good wettability with ceramics, good moulding and thermosetting properties and high car- bon yield. 28) It however is susceptible to oxidation. 29) During heat treatment at 800-1 200°C, the resin undergoes devolatalisation to form a reinforcing carbon framework over the entire volume of the component. The active carbon thus formed takes part in phase formations of secondary compounds, 30) which could influence the interfacial reaction mechanisms. Iron for these experiments was supplied by LECO Australia in the form of rings weighing 1 g each. The composition of iron was analysed using ICP elemental analysis and the details are given in Table 2 .
Alumina-carbon refractory substrates were prepared in composition ratios of 10-30 wt% C in this study (Tables 3(a) and 3(b)). Alumina-SG substrates containing 10%, 20% and 30% synthetic graphite were labelled as AS1, AS2 and AS3 respectively, while those substrates with the corresponding natural graphite contents were respectively labelled as AN1, AN2 and AN3. Alumina and graphite powders were mixed with 5 wt% resin and ball milled for 48 h to ensure complete mixing. The mixture was then compacted under 5 tonne load to produce the test substrates (25 mm diameter, 3-4 mm thick). These substrates were baked at 150°C for 48 h to cure the resin and to remove volatiles and moisture. The effective carbon content of these substrates has been shown in Tables 3(a) and 3(b); these values have been determined taking into account contributions from the binder which on pyrolysis yields ϳ60% carbon.
28) The theoretical and calculated values are given in Tables 3(a) and 3(b).
The investigations on the interfacial behaviour of the iron/refractory system were carried at 1 550°C in a laboratory-scale, horizontal-tube furnace using the sessile drop approach. A schematic diagram of the experimental setup is shown in Fig. 1 . This setup has been used successfully previously to study dynamic wetting behaviour including contact angle variations in the metal refractory systems. 22, 31) Before starting the experiments, the furnace tube was purged with argon at a flow rate of 1 L/min. Images at specific time intervals were captured from the video of the experiments and the contact angles were calcualted using specialised software from these images. 15, 31) Alumina-synthetic graphite and alumina-natural graphite substrates were compacted under similar conditions. The compaction and handling of alumina-natural graphite substrates were much better compared to the synthetic graphite substrates which could be due to its natural tendency of better compaction, longer flakes and presence of ash. To understand the effect of heat treatment on these substrates without the presence of iron, the substrates having the compositions of AS1 and AN1 were heat treated at 1 550°C for 30 min in horizontal tube furnace under Ar flow (1 L/min). After heat treatment, alumina-synthetic graphite substrates were more porous visually compared to Al 2 O 3 /natural graphite substrate (Figs. 2(a) and 2(b)).
The interfacial region between the metal and refractory after the sessile drop test was analysed by optical microscopy and scanning electron microscopy (SEM). All substrates were sectioned and polished to 1 m finish for microstructural investigations. The polished substrates were © 2010 ISIJ coated either with gold or carbon before SEM analysis (Model S-3400X, Hitachi, Tokyo, Japan) to improve the conductivity of the substrates. Energy dispersive spectroscopy (EDS) was used to identify the elemental distribution in the selected region. Mass transfer of carbon from the refractories into liquid iron was measured using the LECO CS-244 carbon/sulfur analyser.
Results

Metal Penetration into the Refractory Substrates
Molten iron was observed to penetrate deep into all the alumina-synthetic graphite substrates. The refractory matrix and interfacial region of substrate AS1 (Fig. 3(a) ) showed that iron had penetrated to a depth of approximately 320 mm. Metal penetration was also observed in AS2 and AS3 (Figs. 3(b) and 3(c)) substrates to a depth of 100 and 70 mm respectively, which was lower than that observed in AS1 substrate. With increasing carbon levels in the substrates, metal penetration was observed to decrease. The penetration depths of AS1, AS2 and AS3 substrates have been summarised in Table 4 .
The interfacial behaviour of alumina-NG substrates revealed significantly lower iron penetration compared to alumina-synthetic graphite substrates for similar carbon contents. The penetration depth in AN1 sample was noted as 110-130 mm (Fig. 4(a) ). Metal penetration was also observed to occur in AN2 and AN3 substrates with penetration depths of 60 and 50 mm respectively as seen in Fig. 5 and Fig. 6 . The penetration depth for AN2 and AN3 was however lower compared to the AN1 substrate. The penetration depth for alumina-NG substrates is given in Table 4 . Thus, it is clearly evident that for alumina-SG and alumina-NG refractories, the molten iron penetration decreased with increasing carbon levels in the refractory.
Carbon Pick-up by Molten Iron
The carbon pickup from alumina-SG refractory interactions with Fe was measured and results are shown in Fig.  7(a) pickup values remained constant until 30 min of reaction time.
In the case of alumina-NG substrates, a somewhat similar behaviour as seen for alumina-SG substrates was observed. With increasing carbon content, the carbon pickup in the metal was found to increase. However during the 30 min of experimental time, carbon pickup in the metal generally increased in the initial 5 min and then it started decreasing as seen from the values at 10, 15 and 30 min in Fig. 7(b) . The carbon pickup values for alumina-NG substrates after 1 min was recorded as 0.164, 0.165 and 0.236 wt% for AN1, AN2 and AN3 respectively, which then reached in the next 5 min to 0.155, 0.194 and 0.298 respectively for these substrates. After this, carbon pickup values decreased to 0.124, 0.136 and 0.278 respectively at the end of 30 min of experiment time.
Wettability
The contact angle variation of molten iron with alumina-SG substrates containing 10, 20 and 30 % synthetic graphite labelled as AS1, AS2 and AS3 respectively is shown in Fig.  8(a) . It is seen that for all the substrates, there is a sharp drop in contact angles in the first 5 min followed by an increase in the next 10 min with the angles finally stabilizing within 15 min from the time of initial contact. For alumina-SG substrates, the contact angles were recorded as 140°, 136°and 135°during the first minute of the reaction for substrates AS1, AS2 and AS3 respectively. After that contact angles dropped to 122°, 125°and 124°respectively for these substrates in the next 5 min. These then increased to 135°, 132°and 130°over the next 10 min respectively for AS1, AS2 and AS3 substrates and these angles remained unchanged during the reaction time (30 min). The contact angle variation of molten iron with alumina-NG substrates containing 10, 20 and 30 % carbon labelled as AN1, AN2 and AN3 respectively is shown in Fig. 9(a) . It is seen that, there was a drop in contact angles for all the substrates in the first 5 min which was followed by an increase over the next 10 min, after which the contact angles stabilised to around 130°for all the substrates within 15 min from the start of the experiments. The contact angles for alumina-NG substrates were recorded after 1 min of reaction time to be 138°, 138°and 140°for substrates AN1, AN2 and AN3 respectively after which the angles dropped during 5 min of reaction to 125°, 128°and 128°re-spectively for these substrates. These then increased over the next 10 min to 130°after which they stabilised at this value respectively for all the NG substrates for the rest of the reaction time. It can also be seen that increasing the carbon level from 10 to 30 % had some influence on wettability, but it was not sufficient to change the wetting characteristics from non-wetting to wetting. With increased carbon content, the contact angles showed an increase; however throughout the course of the experiments, the angles were Ͼ90°. Figure 9 (b) shows video images of molten iron droplets during reaction with alumina-NG substrates at different times.
Discussion
Observed experimental results of metal penetration, carbon pickup and wettabilty have clearly shown that the interfacial phenomena of molten iron with alumina-carbon refractory are influenced by the carbon level in the refractory substrates. Higher metal penetration into alumina-synthetic graphite refractories could be caused to some extent by the higher porosity of the refractory (Fig. 2(a) ). Due to greater porosity in alumina-synthetic graphite substrates, liquid iron easily penetrates into the refractory with the highest penetration noted in AS1 sample as observed in Fig. 3(a) . The metal penetration was observed to alter the properties of the refractory especially in terms of material chemistry and carbon pickup such that microstructural features were different for the penetrated region compared to virgin refractory below this region. These changes may depend upon the penetrated area and penetration depth. 1) Metal penetration into the refractory was also affected by the chemical composition of the refractory, which in turn influenced interactions with molten iron. Figure 7 (a) shows the carbon pickup values after 30 min from AS1 as 0.166 wt%, while carbon pickup in AS2 and AS3 substrates were 0.203 and 0.298 wt% respectively. Figure 10 shows from the EDS line scan analysis at the points where iron has penetrated into the alumina-carbon refractory matrix within the sample. Also, wherever iron has penetrated in the matrix, the relative concentration of C/O has decreased and vice versa. This seems to indicate that part of the carbon has been picked by iron; while part of the carbon could have undergone reactions, possibly as seen in the case of alumina clogging in the refractory nozzles.
32) The reactions would create more pores and more channels for iron penetration due to the formation of Al 2 O and AlO gases. 23, 24, 33, 34) The initial drop in contact angles for alumina-SG sub- strates could be resulting from the metal penetration into the refractory with the extent of the angular drop directly proportional to the metal penetration into the substrates. The varying penetration levels in turn are dependent on the differences in the alumina-carbon ratio of the refractory and carbon pickup by the molten iron. The highest penetration was observed in sample AS1 which also showed the highest drop in contact angle, where contact angle dropped from 140 to 122°into the first 5 min of the experiment. This wetting behaviour could be the result of the initial contact of molten iron with the available carbon on the surface of the substrate. Molten iron can therefore easily dissolve carbon from the alumina carbon refractory during its penetration in the substrate 14) ; and carbon atoms dissolving into liquid iron will result in more "holes" left behind in the solid graphite, thereby permitting further penetration into the refractory. 15) When molten iron picks up all the available carbon, iron was left in contact with alumina alone. Alumina is believed to be non-wetting to iron 22, 35) ; resulting in the carbon pickup values remaining constant resulting in an increase in contact angles. The trend of carbon pick-up was similar to that observed for the wetting results as shown in Fig. 8(a) , where the contact angles started stabilising after the initial drop. The increase in carbon pickup by the metal with increasing carbon content in the refractory is expected since there is an increased possibility of contact between the molten metal and carbon, leading to enhanced dissolution.
A co-relation has been observed between metal penetration and carbon pick-up of the refractory such that metal penetration decreased with increase in carbon pick-up and also with the increase in carbon content of the refractory.
Analysis of the microstructure of the alumina-natural graphite substrates revealed significantly lower iron penetration compared to alumina-synthetic graphite substrates having similar carbon contents. Due to the lower porosity of alumina-natural graphite substrates and a tendency of the ash oxides to fuse and fill refractory pores inhibits the metal penetration into the refractory. In AN1 substrate, some white coloured particles (position 'B') were seen in the metal penetrated region in the substrate (Fig. 4(a) ). From the EDS analysis at position 'B', these particles were identified to be rich in Fe, C, Al Si and Mn, confirming the interaction of ash oxides with iron. EDS analysis at position 'A' showed that only iron and carbon were present indicating carbon pickup. The interfacial layer was identified to be composed of ash oxides, which have fused and filled the pores further hindering the penetration of molten iron within the refractory substrate. The EDS analysis of interfacial layer in Fig. 4 (b) at positions 'A' and 'B' showed the presence of Fe along with Al, Si, Mn, Mg, Ca and S. This forms a slag layer at the interface, which clearly dictates the wetting behaviour in all the alumina-NG substrates (AN1, AN2 and AN3) resulting in them having similar final angles ϳ130°at the end of the experiments. This result has a good correspondence with the carbon dissolution results which show that after 600 s, no further dissolution occurs and the carbon value starts to decrease due to its consumption in the reduction of ash oxides.
In the microstructure of AN2 (Fig. 5 ), Fe-penetration was around 60 mm deep into the substrate. In Fig. 6 , for AN3 sample, we observed at the interface, where the reaction occurs, carbon from the surface is consumed by iron during melting and the area where carbon was depleted has been filled by molten iron.
In the alumina-NG system, the highest drop in contact angles was seen in AN1 substrates followed by AN2 and AN3 substrates, with AN1 showing the lowest contact angle at 5 min, compared to the other substrates. This behaviour could be due to the ash content of the substrates, which increased with the increasing natural graphite content in the refractories AN1 to AN3. Ash oxides could have melted and deposited in the interfacial region and in the refractory bulk, partially limiting the contact between the molten metal and the carbon in the refractory, thereby slowing down the kinetics of carbon dissolution and other reactions. The dissolution of carbon could also be restricted by the presence of ash in the substrates. The formation of this ash layer in interfacial region is observed in Fig. 4(b) and this partially decreases the contact area available between the metal and the refractory. The decrease in carbon pickup with increased time could be due to carbon picked up by iron reacting with the ash layer constituents (SiO 2 , Fe 2 O 3 , Al 2 O 3 , CaO and MgO) which would result in a decrease in the relative carbon in the metal. The observed low carbon pickup in alumina-NG substrates is consistent with results from similar studies. 13, 18, 36) Wu et al. 13) studied the role of ash in natural graphite on the mass transfer and interfacial reactions, and found that during the first stage of contact between natural graphite and liquid iron, the ash from the graphite accumulates at the interface, and after extended contact, the composition of the ash layer changes, such that calcium and sulphur containing compounds are formed. It should be noted that the carbon content measured represented the amount of carbon present in the metal droplet; higher amounts of carbon could be present in localised regions in the metal which had penetrated into the refractory, and this cannot be quantitatively estimated. Synthetic graphite has very low ash content and this allows for better metal contact with the substrate and comparatively higher carbon pickup in these substrates. The above results show that the contact angle changes were influenced by carbon dissolution and the ash content.
A co-relation was observed between the carbon content of the NG-containing refractory and metal penetration depth, which was similar to that observed in the SG containing refractories. The increase in the ash oxide content in the refractory from substrates AN1 to AN3 would increase the possibility for partial fusion of ash oxides, leading to the blocking of the interfacial contact region with the metal. The interfacial ash layer was observed in all AN substrates and these results in the decreased metal penetration in the substrates AN2 and AN3 compared to AN1. The greatest level of penetration was seen in AN1 while AN2 and AN3 substrates showed lower depths.
Summary and Conclusions
(1) Alumina-synthetic graphite substrates showed a non-wetting behaviour with liquid iron. The initial contact angles were 140°, 136°and 135°respectively for substrates containing 10 %, 20 % and 30 % synthetic graphite after which they experienced a 10-18°drop during first 5 min of the experiment, which was followed by a further increase in the angles to final values in the range of 130-135°for all the substrates.
(2) Alumina-natural graphite substrates also showed a non-wetting behaviour with liquid iron. The contact angles were initially at 138°, 138°and 140°respectively for substrates containing 10 %, 20 % and 30 % natural graphite, after which they experienced a drop of 10-15°during the first 5 min of reaction before stabilising to the final contact angle value of approximately 130°for all the substrates for the rest of the experimental duration.
(3) The carbon pick-up by the metal was observed to increase with the carbon levels in the refractory for both natural and synthetic graphite containing refractories. The carbon pick-up from alumina-natural graphite substrates was comparatively lower than that from the corresponding alumina-synthetic graphite substrates having similar effective carbon contents. This is due to the presence of ash oxides in the natural graphite which tended to reduce the contact between the carbon and the molten iron.
(4) Molten iron penetrated extensively into Alumina-SG substrates and the penetration was higher in AS1 sample in comparison with AS2 and AS3 substrates resulting in greater carbon loss from the substrate and subsequent formation of pores which would provide easier paths for metal penetration.
(5) The extent of these interactions was influenced by the relative composition of alumina and carbon in the refractory, ash content and the physical characteristics such as higher porosity of alumina-SG substrates compared to alumina-NG substrates. These characteristics affected the penetration of metal into the refractory. Iron penetration was observed to be higher in alumina-synthetic graphite refractory substrates (70-320 mm depths) due to higher porosity and better wetting of Fe on SG compared to the NG substrates (50-130 mm) for similar proportions of alumina and carbon. Natural graphite contained ash oxides which have partially changed the nature of the interfacial region through the formation of a discontinuous layer which would hinder metal contact with the carbon and subsequently decrease metal penetration into the refractory and carbon pickup by the metal.
(6) This study has helped to develop a fundamental understanding of the relationship between the chemical composition of the refractory, and the interfacial phenomena (wetting behaviour and carbon dissolution) in the iron/refractory system.
